Introduction
Spider silks are renowned for their spectacular mechanical properties. Most impressively, the dragline silk of some spiders is tougher than most natural or synthetic materials (Gosline et al. 1999) . Spider silks are composed of structural proteins (fibroins) synthesized in specialized abdominal glands, and most spiders have a multitude of silk glands. The glands are often functionally differentiated, as epitomized by the ability of an individual orb-weaving spider to spin 5 or more different types of task-specific fibers (Foelix 1996; Blackledge and Hayashi 2006) . For example, dragline silk, which originates in the major ampullate glands, forms the frame and radii of an orb web and is used to prevent catastrophic falls, whereas silk synthesized in the flagelliform glands forms the capture spiral of an orb web and tubuliform gland silk forms the outer covering of egg cases. Each fiber is composed of one or more unique spider fibroins (spidroins) that are encoded by members of a single gene family (Guerette et al. 1996; Gatesy et al. 2001; Tian and Lewis 2005; Garb et al. 2006) . Thus, spider silk represents an excellent example of functional diversification through gene duplication and divergence.
The Spider Silk Gene Family All described spidroins are extremely large, with transcript sizes typically ;10,000 bp long (Hayashi et al. 1999 (Hayashi et al. , 2004 Sponner et al. 2005; Zhao et al. 2006; Ayoub et al. 2007) . They are also highly modular. Each polypeptide is composed of an uninterrupted block of repetitive sequence that varies in complexity according to protein type, with some spidroins composed of short repeat units characterized by a small set of amino acid (aa) motifs, whereas others are composed of long intricate repeats (Gatesy et al. 2001; Hayashi et al. 2004 ). The repetitive region of each spider fibroin is flanked by nonrepetitive amino (N)-and carboxy (C)-termini that are respectively ;150 and ;100 aa long (Hayashi and Lewis 2000; MotriukSmith et al. 2005; Rising et al. 2006; Zhao et al. 2006; Ayoub et al. 2007) .
Despite a growing knowledge of silk gene diversity and protein structure within and across phylogenetically disparate species, many aspects of the evolutionary history and dynamics of the spider silk gene family remain poorly understood (Gatesy et al. 2001; Garb and Hayashi 2005; Garb et al. 2006) . Silk is a defining feature of spiders, which originated approximately 400 MYA (Selden et al. 1991) . Thus, the spidroin gene family is ancient and it is likely that some gene copies have been lost, causing difficulties in reconstructing the order of duplication events that led to novel proteins. Additionally, the repetitive regions of these proteins evolve rapidly, even within a spidroin type, rendering positional homology determination of repetitive sequences across fibroin types virtually impossible (Hayashi and Lewis 2000; Gatesy et al. 2001; Garb et al. 2006) . Phylogenetic reconstruction of spidroin family members has instead relied on the short, nonrepetitive C-terminus (Beckwitt and Arcidiacono 1994; Hayashi and Lewis 1998; Hayashi et al. 2004; Garb and Hayashi 2005; Tian and Lewis 2005; Garb et al. 2006 ) and, to a lesser extent, the N-terminus (Rising et al. 2006; Ayoub et al. 2007 ).
Major Ampullate Silk Genes
One route toward understanding the evolution of the spidroin gene family is to focus on proteins that likely share a more recent common ancestor than the family as a whole, such as the constituents of dragline silk, MaSp1 and MaSp2 (Xu and Lewis 1990; Hinman and Lewis 1992) . These proteins are also the best-understood spidroins in terms of their phylogenetic distribution across spider taxa and their molecular and mechanical properties. Immunological evidence indicates that the genes encoding MaSp1 and MaSp2 are coexpressed in the major ampullate glands (Sponner et al. 2005) . The 2 spidroins also share similar aa motifs and repeat unit complexity. Specifically, both are characterized by short repeat units, termed ensemble repeats, which are composed of a glycine (G)-rich region punctuated by a contiguous stretch of alanines (poly-A). The aa motif GGX (where X represents a subset of aa) is present in both spidroins, whereas MaSp2 additionally harbors a large proportion of GPG motifs (Xu and Lewis 1990; Hinman and Lewis 1992; Guerette et al. 1996; Gatesy et al. 2001 ). Further evidence for a close relationship between MaSp1 and MaSp2 is their consistent grouping to the exclusion of other spidroin types in phylogenetic analyses of C-termini (Gatesy et al. 2001; Garb and Hayashi 2005; Garb et al. 2006; Ayoub et al. 2007 ).
MaSp1 orthologues and MaSp2 orthologues have been defined by the similarity of repetitive sequences in the respective proteins (Xu and Lewis 1990; Hinman and Lewis 1992; Gatesy et al. 2001) . Thus, MaSp1 is expected to form a separate clade from MaSp2. Phylogenetic analyses of the N-and C-termini, however, do not recover a monophyletic MaSp1 clade separate from a MaSp2 clade. Instead the termini of MaSp1 and MaSp2 within a species or group of closely related species are often united (Gatesy et al. 2001; Garb and Hayashi 2005; Garb et al. 2006; Ayoub et al. 2007) . It is possible that this pattern reflects the true evolutionary history of MaSp1 and MaSp2 and that numerous duplication events have been followed by multiple convergences of the repetitive regions. Such a scenario may be unlikely because it would require the convergence of thousands of nucleotides. A simpler explanation is that the short, nonrepetitive terminal regions have been homogenized through concerted evolution by unequal crossing over or gene conversion between paralogs (Brown et al. 1972; Zimmer et al. 1980; Dover et al. 1993 ). The substantial proportion of codons for G and alanine found in both MaSp1 and MaSp2 could facilitate intergenic pairing during meiosis. However, comparison of full-length MaSp1 and MaSp2 genes from the black widow spider, Latrodectus hesperus, shows that these genes maintain distinct ensemble repeats throughout. Thus, if recombination occurs between MaSp1 and MaSp2, it is limited to the nonrepetitive terminal regions (Ayoub et al. 2007 ). To date, no direct evidence for recombination between silk gene paralogs has been documented.
Another important aspect of silk gene family evolution that has been largely ignored is the potential for multiple loci to encode a particular protein type (but see Rising et al. 2007) . Within species, several variants (presumed allelic) have been described for MaSp1 (Beckwitt et al. 1998) , MaSp2 (Guerette et al. 1996; Gatesy et al. 2001; Garb et al. 2006) , and the gene that encodes the capture spiral spidroin, Flag (Higgins et al. 2007 ). Furthermore, Colgin and Lewis (1998) described 2 complementary DNA (cDNA) sequences that respectively hybridized to transcripts of 2 different sizes, using RNA derived from minor ampullate silk glands. They concluded that 2 genes encode the minor ampullate silk protein, but it is possible that allelic and or transcriptional variation explains the 2 sequences.
Here we demonstrate that minimally 3 copies of MaSp1 exist in widow spider (Latrodectus: Theridiidae) genomes. We show that concerted evolution has homogenized parts of these loci within L. hesperus (Western black widow) and find evidence for past recombination between Latrodectus MaSp1 loci and MaSp2. Divergent and potential convergent evolution have additionally occurred in 1 Latrodectus geometricus (brown widow) MaSp1 copy. Finally, we discuss the implications of these findings for the roles of gene duplication and loss, recombination, and selection in the evolution of the spider silk gene family.
Methods

Loci Identification
A L. hesperus genomic library was screened using the polymerase chain reaction (PCR) for clones containing dragline silk genes (see Ayoub et al. 2007 for fosmid library construction and screening methods). Seven clones positive for MaSp1 were identified. One of these clones was sequenced in full and is described in detail in Ayoub et al. (2007; GenBank accession number EF595246) . Three additional clones were identified with primers designed from a putative MaSp1 sequence (5# partial length, DQ379381). All primers used in this study are described in supplementary table S1 (Supplementary Material online).
Each MaSp1-positive fosmid was directly sequenced with a variety of primers targeting the N-and C-terminal coding regions and upstream flanking sequences. These primers were designed from 5# and 3# partial cDNA clones (5#-EF595247; 3#-AY953074, DQ409057), as well as initial sequences of the genomic clones. The genomic clones fell into 4 categories based on levels of sequence divergence (see Results and Discussion) . Because the genomic library was constructed from 8 individuals, additional PCR experiments were done to determine whether these MaSp1 categories correspond to allelic variation or multiple loci within the L. hesperus genome. PCR amplifications were done on single spider genomic DNA extractions with primers specifically designed for each MaSp1 category.
Latrodectus geometricus was also examined for multiple MaSp1 loci. Two different PCR reactions were performed on DNA extracted from a single individual. The products were gel excised and cloned with the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA). Forward primers for these reactions were designed from conserved regions of the N-termini of putative L. hesperus MaSp1 loci and the published L. geometricus MaSp1-like genomic clone (5# partial length, DQ059133S1; Motriuk-Smith et al. 2005) . The reverse primer was designed from the repetitive region of the full-length L. hesperus MaSp1 sequence. Seventy clones were amplified using universal primers (M13 forward and M13 reverse), and inserts of the expected size (500-700 or 700-900 bp) were sequenced. DNA sequences were aligned in SEQUENCHER v.4.5 (Gene Codes, Ann Arbor, MI), and a Neighbor-Joining tree (constructed in PAUP* v.4.0B10; Swofford 2002) revealed 3 clusters of highly similar sequences. A consensus sequence for each cluster was calculated in SEQUENCHER.
The alignment of the TOPO TA clones with direct sequences of the original PCR products was inspected to 278 Ayoub and Hayashi verify that all base calls could be accounted for by the original PCR. Any polymorphic positions in the alignment of the clones that could not be accounted for by the original PCR were considered cloning error. Individual clones differed from the consensus sequence at 0-5 sites and typically, only 1 clone differed from the consensus sequence at any one position. However, at one position in the alignment of the third cluster, 16 clones displayed a T, 10 displayed a C, and the direct PCR sequences were polymorphic (i.e., multiple peaks at that position in the chromatographs). This polymorphism was thus considered a true allelic difference. A third PCR reaction was performed on the same individual as above with primers designed to specifically amplify the L. geometricus MaSp1-like sequence, and this PCR product was directly sequenced.
The L. hesperus genomic library was also screened for MaSp2 (Ayoub et al. 2007 ). Three positive clones were found. One was sequenced in full (EF595245; Ayoub et al. 2007) , and another was directly sequenced with Nand C-terminal primers and a downstream flanking primer. MaSp2 was additionally amplified from L. geometricus individuals using N-terminal forward primers and a repetitive reverse primer and from L. hesperus using repetitive forward and C-terminal reverse primers. PCR products were directly sequenced.
For all PCRs (except one) performed in this study, 1 ll genomic DNA formed the template for a 50 ll reaction containing 0.5 U Taq polymerase (Invitrogen), 1 lM each primer, 0.5 mM each deoxynucleoside triphosphate (Fisher Scientific, Waltham, MA), 67 mM Tris, 3 mM MgCl 2 , and 16.6 mM (NH 4 ) 2 SO 4 . PCR was done with 45 cycles of 30 s at 94°C, 30-45 s at 55-62°C, and 60-90 s at 72°C. A slightly different PCR reaction was performed to obtain one of the products used to clone L. geometricus MaSp1. For this reaction, 1 ll genomic DNA formed the template for a 50 ll reaction containing 1 U AccuPrime Taq DNA Polymerase High Fidelity (Invitrogen), 1 Â AccuPrime Buffer II (Invitrogen), and 0.2 lM each primer. PCR parameters were 30 cycles of 30 s at 94°C, 30 s at 60°C, and 90 s at 68°C.
Sequence Analysis
Translated N-terminal aa sequences described in this paper were aligned with all published N-termini using default parameters in ClustalW (Thompson et al. 1994 ) as implemented in MacVector 7.2 (Accelrys, San Diego, CA). When available, the corresponding C-termini were also aligned. Other than MaSp1 and MaSp2, included fibroin types are Flag, which forms capture spiral silk Lewis 1998, 2000) , and the egg case protein TuSp (for simplicity, TuSp orthologues that were named CySp are referred to as TuSp in this paper; Garb and Hayashi 2005; Tian and Lewis 2005; Zhao et al. 2006) . Additional published sequences from Agelenopsis aperta (MaSp), Argiope trifasciata (MaSp1), Nephila inaurata madagascariensis (MaSp1), and L. geometricus (MaSp1) were included in the C-terminal alignment. aa alignments were used to guide nucleotide alignments, which formed the basis for phylogenetic analyses. For each nucleotide data set, maximum parsimony (MP), maximum likelihood (ML), and Bayesian analyses were performed. MP analyses were additionally executed on aa alignments. Gaps were treated as missing data in all analyses. Heuristic searches were conducted in PAUP* with 1,000 (MP) or 100 (ML) replicates of random addition sequence and tree-bisectionreconnection branch swapping. Bootstrap support was determined with 1,000 (MP) or 100 (ML) pseudoreplications with 100 (MP) or 1 (ML) addition sequences per pseudoreplicate. The best-fit model of evolution for ML analyses was determined with the likelihood ratio test carried out in Modeltest v.3.7 (Posada and Crandall 1998) .
Bayesian analyses were performed with MrBayes v.3.1.2 (Ronquist and Huelsenbeck 2003) using default priors and heating parameters. Two independent simultaneous runs were carried out, each with 4 simultaneous Markov Chain Monte Carlo chains, for 1 million generations, sampling every 100 generations. The analyses were considered to have converged if the standard deviation of the split frequencies of the 2 independent runs (discarding the first 25% of generations as burn-in) was below 0.01. Majority rule consensus tree topologies and branch lengths were calculated discarding the first 25% of generations as burn-in. Separate Bayesian analyses were carried out on unpartitioned data sets and data sets partitioned according to codon position. Modeltest was used to determine the best-fit model of evolution for each partition, but optimal parameter values were calculated with MrBayes (supplementary table S2, Supplementary Material online), unlinking parameters in partitioned analyses. Tree topologies with the better likelihood score were favored.
MULTIPIPMAKER (Schwartz et al. 2000) was used to identify the maximum amount of upstream and downstream flanking sequence that could reliably be aligned among L. hesperus MaSp1 loci, the full-length L. hesperus MaSp2, and L. geometricus MaSp21-like. To determine whether sequences could be aligned, MULTIPIPMAKER utilized a threshold score implemented in the BlastZ algorithm (Schwartz et al. 2003) . Approximately 500 bp of upstream and 635 bp of downstream sequence could be aligned among L. hesperus MaSp1 loci, and ;300 bp upstream and ;180 bp downstream sequence could be aligned among all sequences. The identified N-and C-terminal coding and adjacent noncoding regions were then aligned using default parameters in ClustalW. Pairwise numbers of synonymous substitutions per synonymous site (Ks) for coding and noncoding sequences were calculated using DNASP v.4.0 (Rozas et al. 2003) . The number of nonsynonymous substitutions per nonsynonymous site (Ka) was additionally calculated for all pairwise comparisons of Latrodectus MaSp1 and MaSp2 N-and C-terminal coding regions.
Recombination analyses were performed using GENE-CONV v1.81a (Sawyer 1989) to search for segments of sequences that were more similar than expected based on the overall divergence of compared sequences. In a simulation analysis, GENECONV had a low false positive rate for detecting recombination events (Chan et al. 2006) . The 5# and 3# sequences of the following genomic clones were analyzed: 3 L. hesperus MaSp1 loci, L. hesperus MaSp2, and L. geometricus MaSp1-like N-and C-terminal coding and adjacent noncoding alignments. Recombination analyses were also performed on only the N-and C-terminal coding alignments of the above sequences plus L. geometricus
MaSp2. The N-and C-termini were combined into single alignments for these analyses. Repetitive sequence was not included because of the difficulties in determining positional homology of these sequences across species and protein type (Gatesy et al. 2001) . Default parameters were used in GENECONV, with a mismatch penalty of 1*Npoly/ Ndiff, where Npoly equals the number of polymorphic sites in an alignment and Ndiff equals the number of differences between a particular pair of sequences. Significance values were adjusted for multiple pairwise comparisons using a Bonferroni correction (see Sawyer 1989) .
Results and Discussion
Detection of Multiple MaSp1 Loci in Latrodectus Genomes
Partial sequencing of L. hesperus MaSp1-positive genomic clones revealed that they fit into 4 categories, each presumed to represent a different locus. Three of these loci appear functional (no premature stop codons were detected) and will be referred to as LhMaSp1_L1-3 for the remainder of the paper. The fourth locus, LhMaSp1_pseudo, is a pseudogene represented by a single fosmid clone (EU177647). Conceptual translation of this sequence reveals a stop codon after 153 aa that correspond to the N-terminus and 11 aa of repetitive spidroin sequence. After the stop codon, there are 18 consecutive codons for repetitive sequence before the conceptual translation fails to recover recognizable spidroin sequence in any frame. Sequencing reactions targeting the C-terminus failed. Additionally, the pairwise Ka/Ks value between the N-terminus of LhMaSp1_pseudo and the locus most similar to it, LhMaSp1_L3, is 0.96, suggesting a loss of functional constraints on this locus. In contrast, pairwise Ka/Ks values for all Latrodectus MaSp1 loci and MaSp2 comparisons, excluding LhMaSp1_pseudo, are typically below 0.2, indicating strong functional constraints on the remaining loci. Four fosmid clones (EU177649, EU177654, EU177655, and EF595246), including the fully sequenced clone, belong to LhMaSp1_L1. Two clones (EU177651 and EU177653) belong to LhMaSp1_L2 and 2 (EU177648 and EU177650) to LhMaSp1_L3. Pairwise differences between clones belonging to a single locus range from 0% to 1.2% (including all available sequence: noncoding, N-and C-termini, and repetitive sequence). In contrast, pairwise differences between loci range from 10.8% to 36.3% (excluding repetitive sequence). The Nand C-terminal coding sequences of clones within a locus were either identical or only differed at one position.
Previously reported L. hesperus MaSp1 sequences could be unambiguously assigned to our locus categories. The N-terminal coding region (;450 bp) of a 5# partial MaSp1 cDNA sequence (EF595247) is 99.8% identical to LhMaSp1_L1 and is assumed to represent a transcript of this locus. The published 3#-partial L. hesperus MaSp1 cDNA sequences (AY953074 and DQ409057) are identical to LhMaSp1_L2 in the C-terminal coding region (;300 bp) and 3# untranslated region (90 bp). The only difference between the genomic clone and these cDNA sequences is the presence of a gap in the repetitive region, and thus, these cDNA sequences are assumed to represent allelic variants of LhMaSp1_L2.
The amplification of MaSp1 from an individual spider's genomic DNA with locus-specific PCR primers shows that differences among the loci cannot be explained by allelic variation. Direct sequencing of the locus-specific PCR products results in a few (,1.0%) polymorphic base calls, which are visualized as positions with multiple peaks on chromatographs (EU177658, EU177659, EU177661, EU177662, EU177663, EU177664, and EU177665). These polymorphic positions are interpreted as allelic variation, and their low frequency and specific locations cannot account for the variation seen among MaSp1 loci.
At least 3 loci are also present in L. geometricus. The cloned PCR products can be assigned to 4 categories of MaSp1 sequences. Because PCR reactions were carried out on genomic DNA from a single individual and spiders are diploid, at least 2 loci must exist to account for these 4 alleles. Two alleles are identical in the N-terminal coding region and differ at only a few nucleotide positions in the repetitive region (1.8% of 284 nt). These alleles are considered to belong to a single locus, LgMaSp1_L1 (EU177666 and EU177667). The other 2 alleles differ at only one position (876 nt) and are referred to as LgMaSp1_L2 (EU177668 and EU177669). A third locus (henceforth referred to as LgMaSp1_L3) is represented by the published genomic sequence, L. geometricus MaSp1-like (MotriukSmith et al. 2005) , which is considerably divergent (19.2%) from the other 2 loci. The existence of all 3 loci in the genome of a single individual is confirmed by sequencing PCR products generated with LgMaSp1_L3 locus-specific primers (EU177660). The published L. geometricus 3#-partial cDNA sequence (AF350273) may represent a fourth locus or may belong to LgMaSp1_L1 or L2. It is distinct from LgMaSp1_L3 (16.7% different in C-terminal coding region), but we do not currently have C-termini known to correspond to LgMaSp1_L1 or LgMaSp1_L2.
The presence of at least 3 copies of MaSp1 in both L. geometricus and L. hesperus suggests that multiple loci encode MaSp1 in all widow spiders. These 2 species represent the extent of divergence in Latrodectus, which is split into 2 primary clades with L. hesperus belonging to one and L. geometricus belonging to the other (Garb et al. 2004 ). Furthermore, Rising et al. (2007) described several MaSp1 loci in Euprosthenops australis (Pisauridae). This discovery, combined with our Latrodectus findings, suggests that the presence of multiple MaSp1 loci within a genome is characteristic of species broadly distributed across entelegyne spider phylogeny.
In contrast to MaSp1, the L. hesperus MaSp2 clones (EF595245 and EU177652) are very similar (99% identity over 3030 bp). In addition, sequences of L. hesperus and L. geometricus MaSp2 PCR products (EU177656 and EU177657, respectively) reveal 3 and 0 polymorphic base calls, respectively, indicating low allelic diversity. Thus, we currently have no evidence for multiple loci encoding MaSp2 in Latrodectus.
Variation in the Repetitive Sequences of MaSp1 Loci
The conceptual translations of the repetitive portions of each L. hesperus and L. geometricus locus contain aa 280 Ayoub and Hayashi motifs typical of MaSp1, such as GGX (X 5 A, Q, Y, S, L, I, or F), GX (X 5 Q, A, R, E, or L), and poly-A ( fig. 1) . In L. hesperus, these aa motifs are combined to form 4 different ensemble repeat types possessed by each putatively functional locus. However, the 3 loci (LhMaSp1_L1-3) differ in the arrangement of the ensemble types. LhMaSp1_L1 displays a consistent aggregate repetition of ensemble types ''a,'' ''b,'' ''c,'' and ''d'' in that order ( fig. 1A ; see also Ayoub et al. 2007 ). In contrast, LhMaSp1_L2 and L3 do not display a consistent aggregate repeat of ensemble types, at least over the sequenced portions ( fig. 1A) .
Latrodectus geometricus does not display consistent ensemble types across loci, although LgMaSp1_L1, L2, and the cDNA sequence have very similar ensemble repeats ( fig. 1B) . However, these sequences are directly adjacent to the N-termini (L1 and L2) or C-terminus (cDNA) and more regular ensemble types may be found in the central portions of the genes. LgMaSp1_L3 shares aa motifs with the other loci, but the ensemble repeats are distinct ( fig. 1B) . A striking difference between LgMaSp1_L3 and the other loci is that its repetitive sequence has a more diverse aa composition ( fig. 2; 
Concerted Evolution and Gene Turnover
Relationships among the different types of silk proteins (MaSp1, MaSp2, TuSp, and Flag) are largely congruent according to N-and C-termini ( fig. 3 ). Partitioned Bayesian analyses produced topologies with higher likelihood scores and posterior probabilities than unpartitioned analyses, and these are considered to represent the more optimal topologies. MP and partitioned Bayesian topologies (shown in fig. 3 ) are identical except for the placement of Nephila clavata TuSp1 among the egg case proteins in the N-terminal tree. The ML trees display slight differences from the MP and partitioned Bayesian analyses, but these differences are poorly supported (,55% ML bootstrap support). The egg case silk proteins (TuSp1 and TuSp2) and the major ampullate proteins (MaSp1 and MaSp2) are recovered as monophyletic with strong support in both terminal regions and all analyses ( fig. 3) . A striking pattern found in both the N-and C-termini analyses is the grouping of all Latrodectus MaSp1 and MaSp2 sequences to the exclusion of the other species' MaSp1 and MaSp2. The additional MaSp1 sequences included in the C-terminal tree compared with the N-terminal tree confirm that the pattern is not an artifact of under sampling MaSp1.
Within the Latrodectus clades, incongruence between the N-and C-terminal relationships becomes apparent. Both termini recover a grouping of L. hesperus and L. geometricus MaSp2. In the C-terminal tree, the Latrodectus MaSp1 sequences are also monophyletic, but in the N-terminal tree, MaSp2 is nested within MaSp1 (fig. 3) . The other major difference between the termini is that the LhMaSp1_L3 N-terminus is sister to the remaining Latrodectus MaSp1 and MaSp2 N-termini, but the LhMaSp1_L3 C-terminus is sister to LhMaSp1_L1.
Incongruence between N-and C-terminal tree topologies is likely the result of recombination and concerted evolution among MaSp1 loci as well as between MaSp1 and MaSp2. Because recombination events should affect limited tracts of DNA, concerted evolution can often be detected by identifying portions of genes that are significantly more similar than expected based on the overall divergence level (Sawyer 1989; Dover et al. 1993; Thornton and DeSalle 2000) . Comparison of Ks values across N-and C-terminal coding and adjacent noncoding sequences of L. hesperus MaSp1 loci shows that the level of sequence divergence varies remarkably according to region (fig. 4) . Evidence for recombination among L. hesperus MaSp1 loci is also well supported by mismatch analyses in GENE-CONV. The entire C-terminus and downstream flanking sequence of LhMaSp1_L1 have experienced a recombination event with LhMaSp1_L3 (P , 0.00001). The N-and C-terminal coding regions of LhMaSp1_L1 and L2 have also experienced recombination (P , 0.00001). In addition to recombination within the L. hesperus genome, there is evidence for past recombination between 150 bp of the N-termini of LgMaSp1_L3 and LhMaSp1_L1 and L2 (P 5 0.00008 and 0.00016, respectively), although this significance is lost when variable aa codons are excluded.
Recombination has not only affected MaSp1 loci but also potentially occurred between MaSp1 loci and MaSp2.
Results from GENECONV indicate that LhMaSp1_L3 and L. hesperus MaSp2 experienced a 90-bp recombination event in the N-terminus, although this pattern is only detected when the analysis is limited to the silent sites of coding sequence (P 5 0.06). Additionally, a 73-to 108-bp recombination event was detected between the N-termini of L. hesperus MaSp2 and LgMaSp1_L3 (P 5 0.00003, coding and noncoding sequences included; P 5 0.006, only coding sequences included). However, this result may be a by-product of selection as no recombination was detected when limiting the analyses to silent sites.
The recombination results, in conjunction with the tree topologies, suggest recurrent concerted evolution among MaSp1 terminal regions within Latrodectus genomes. They also suggest that past recombination events between MaSp1 and MaSp2 occurred within L. hesperus and/or in the common ancestor of L. hesperus and L. geometricus. Occasional recombination (i.e., less often than speciation events) between MaSp1 and MaSp2 C-terminal coding regions likely explains their consistent within species or genus grouping found in other studies (Gatesy et al. 2001; Garb and Hayashi 2005; Garb et al. 2006) .
Selection for similarity of MaSp1 and MaSp2 terminal regions may also play a role in their grouping within closely related species, which could explain why the recombination signal between L. hesperus MaSp2 and LgMaSp1_L3 was lost when only considering silent sites. Such similarity might facilitate their simultaneous expression in the major ampullate gland or the proper orientation of these 2 proteins into a single fiber. Furthermore, there is some evidence for convergence of the LgMaSp1_L3 N-terminus with the Latrodectus MaSp2 N-termini (see below).
In addition to concerted evolution among loci, intermittent duplication of MaSp1 may occur. LhMaSp1_L1-2 and LgMaSp1_L1-2 may have resulted from a duplication event prior to speciation of L. hesperus and L. geometricus. These loci group together with strong support in the Nterminal tree ( fig. 3 ) and their ensemble repeats are very similar ( fig. 1 ). However, it is possible that these loci experienced concerted evolution in their common ancestor. We currently cannot test for recombination involving these L. geometricus loci because there is no available flanking noncoding sequence. Results from L. hesperus (above) suggest that concerted evolution among loci typically involves the entire N-and/or C-terminal coding regions. Recombination could also occur between repetitive regions of different loci, but our analyses did not include repetitive sequences. However, LgMaSp1_L1 and LgMaSp1_L2 group together, suggesting concerted evolution occurs between these L. geometricus MaSp1 loci.
The presence of a MaSp1 pseudogene in L. hesperus suggests that there could be continual duplication and loss of MaSp1 copies. Such a pattern fits the birth-and-death model of gene family evolution (Nei and Hughes 1992; Nei and Rooney 2005) . The birth-and-death model has often been framed as an alternative explanation to concerted evolution for the pattern of within-species gene copy similarity (e.g., Nei et al. 2000; Rooney et al. 2002; Rooney and Ward 2005) . Our results indicate that if duplication and loss of gene copies play a role in the evolution of MaSp1 loci, then this process acts jointly with concerted evolution. A similar pattern of concerted evolution coupled with gene duplication and loss is found in other gene families, such as major histocompatibility cell genes (Joly and Rouillon 2006) and the Hsp70 gene superfamily (Nikolaidis and Nei 2004) , reinforcing the assertion that these processes are not mutually exclusive. . aa that differ most between LgMaSp1_L3 and the other loci are outlined in black (G, S, V, P, F, and L). The numbers of characterized aa are shown above the bars. Only LhMaSp1_L1 has been fully sequenced. *For LhMaSp1_L2, the predicted aa composition of the cDNA is shown because more of its repetitive region than that of the genomic clone has been sequenced (see fig. 1 ).
Ayoub and Hayashi
Evolution of the Silk Gene Family
The presence of multiple copies of MaSp1 in Latrodectus genomes confirms that duplication of at least one silk gene has occurred. Duplication is thought to precede divergence in the evolution of new function (Stephens 1951; Nei 1969; Zhang 2003) and likely led to the evolution of the spectacularly diverse array of spider fibroins (Guerette et al. 1996; Gatesy et al. 2001) . Not only do we find evidence for duplication of MaSp1 loci but we also find evidence for divergence when comparing LgMaSp1_L3 with the other loci. This locus has a much more variable aa composition in the repetitive region than the other L. geometricus and L. hesperus loci ( fig. 2) . Strikingly, LgMaSp1_L3 has proline (P) at the beginning of almost every other ensemble repeat (fig. 1B) . The other loci either do not have any P in the repetitive region or it only occurs once at the beginning or end of the repetitive region. The aa motif GPG is characteristic of MaSp2 (Hinman and Lewis 1992; Gatesy et al. 2001) , which is hypothesized to form type II ß-turns in silk proteins (Hayashi and Lewis 1998) . This prediction is based on examination of thousands of empirically determined type II ß-turns that consistently exhibit a P in the second position of the turn and a G in the third position (Hutchinson and Thornton 1994) . After every other poly-A motif, LgMaSp1_L3 displays PG motifs ( fig. 1B ) that likely form type II ß-turns. In MaSp2, the occurrence of multiple adjacent GPG motifs are expected to form ß-spirals that contribute to the elasticity of dragline silk (Hayashi and Lewis 1998; Hayashi et al. 1999) . The PG motifs in LgMaSp1_L3 display a longer periodicity than do the GPG motifs of MaSp2. Structural studies will be necessary to determine whether the consistent presence of PG in LgMaSp1_L3 results in a loose spiral that converges on the secondary structure of MaSp2.
Additional evidence that LgMaSp1_L3 may be converging on MaSp2 comes from the nonrepetitive Nterminus. Phylogenetic analysis of the encoding nucleotides weakly supports a relationship joining LgMaSp1_L3 with Latrodectus MaSp2 (,58% MP bootstrap support and posterior probability; not recovered in ML tree). Furthermore, analyses of only the third codon positions (presumed neutral) group LgMaSp1_L3 with other MaSp1 loci (61% MP bootstrap support, recovered in ML tree but with ,50% bootstrap support). In contrast, parsimony analysis of the aa strongly supports LgMaSp1_L3 grouping with MaSp2 (90% bootstrap).
These findings show the potential for a MaSp1 duplicate to give rise to a MaSp2-like gene. MaSp1 has been described from phylogenetically diverse spider taxa (e.g., Gatesy et al. 2001; Rising et al. 2006) . In contrast, MaSp2 has only been described from the Orbiculariae (orb-weaving spiders and their relatives), implying that the MaSp2 paralog . Support values for each node are indicated by black dots (.75% ML bootstrap, .70% MP bootstrap, and .95% posterior probability) or white dots (,62% ML bootstrap, .80% MP bootstrap, and .93% posterior probability). The asterisk indicates that this clade was poorly supported by nucleotides (,58% bootstrap and posterior probability) but well supported by aa (90% MP bootstrap). Fiber types are indicated at appropriate nodes. Latrodectus MaSp1 and MaSp2 are bolded. Sequence abbreviations are as follows: LhMaSp2, Latrodectus hesperus MaSp2 (EF595245); LgMaSp2, Latrodectus geometricus MaSp2 (5#-EU177657 and 3#-AF350275); LhMaSp1_L1, L. hesperus MaSp1 locus 1 (EF595246); LhMaSp1_L2, L. hesperus MaSp1 locus 2 (EU177653); LhMaSp1_L3, L. hesperus MaSp1 locus 3 (EU177650); LhMaSp1_pseudo, L. hesperus MaSp1 pseudogene (EU177647); LgMaSp1_L1, L. geometricus MaSp1 locus 1 (EU177666); LgMaSp1_L2, L. geometricus MaSp1 locus 2 (EU177668); LgMaSp1_L3, L. geometricus MaSp1-like (5#-DQ059133S1 and 3#-DQ059133S2); LgMaSp1_cDNA, L. geometricus MaSp1 cDNA (AF350273); NmMaSp2, Nephila inaurata madagascariensis MaSp2 (5#: DQ059135 and 3#: AF350278); AtMaSp2, Argiope trifasciata MaSp2 (5#-DQ059136 and 3#-AF350267); EaMaSp1; Euprosthenops australis MaSp1 (AM259067); LhTuSp1, L. hesperus TuSp1 (5#-DQ379383 and 3#-AY953070); AbTuSp1, Argiope bruennichi CySp1 (AB242144); AbTuSp2, A. bruennichi CySp2 (AB242145); NcaTuSp1, Nephila clavata CySp1 (5#-AB218974 and 3#-A218973); NmFlag, N. i. madagascariensis Flag (5#-AF218623S1 and 3#-AF218623S2); NcFlag, N. clavipes Flag (5#-AF027972 and 3#-AF027973); AapMaSp, Agelenopsis aperta MaSp (AY566305), AtMaSp1, A. trifasciata MaSp1 (AF350266); and NmMaSp1, N. i. madagascariensis MaSp1 (AF350277). Note that egg case proteins originally named CySp are referred to as TuSp in this paper.
Multiple MaSp1 Loci in Widow Spiders 283 arose in the common ancestor of Orbiculariae (Garb et al. 2006) . Our results further suggest that this novel gene derived from a MaSp1 duplicate.
Expression of MaSp1 Loci
The MaSp1 loci described here appear to be under functional constraints (i.e., low Ka/Ks values, excluding the pseudogene), indicating that each of these loci encodes a functional protein. The similarity of cDNA sequences to 2 of the L. hesperus loci (L1 and L2) further indicates that these genes are expressed. However, the timing and extent of expression are currently unknown. Functional gene copies can be retained in a genome because of the benefits associated with higher gene dosage producing additional protein product (Ohno 1970; Zhang 2003; Kondrashov and Kondrashov 2006) . Spiders produce large amounts of dragline silk throughout their lifetimes (Foelix 1996) , and thus, the genes encoding the component proteins must be highly expressed. Additionally, it has been shown in Nephila clavipes that MaSp1 is more abundant in dragline silk fibers than MaSp2; the relative proportion of aa in dragline fibers compared with MaSp1 and MaSp2 protein sequences combined with immunological evidence suggests a 3:2 ratio of MaSp1:MaSp2 (Hinman and Lewis 1992; Sponner et al. 2005) . A similar situation likely applies to black widows. We compared the aa composition of the full-length MaSp1 and MaSp2 sequences with the previously documented aa composition of L. hesperus dragline fibers (Casem et al. 1999) . We found that a 1:1 ratio of MaSp1:MaSp2 cannot account for the proportions of serine and P found in black widow dragline fibers. However, if MaSp1 is approximately 2.5 times more abundant than MaSp2, then the average aa composition of the sequences fits the aa composition of the fiber. Thus, selection for increased MaSp1 protein product could favor the maintenance of multiple functional copies in Latrodectus genomes.
Alternatively, gene duplicates can diverge in expression, that is, be activated in different tissues or at different developmental stages. Divergence in expression patterns is thought to be an important first step in the evolution of functional divergence between redundant genes (Ohno 1970; Li et al. 2005) . Even small changes in the regulatory regions of duplicate genes can lead to expression divergence (Gu et al. 2002; Castillo-Davis et al. 2004; Zhang et al. 2004 ). The average pairwise difference of the ;500 bp of upstream flanking sequences of the functional L. hesperus MaSp1 loci is 38%, providing raw material for divergence in cis-regulatory motifs. However, the immediate 150 upstream bases are more conserved, with the pairwise Ks for this region ranging from 0.20 to 0.24, even though the N-terminal Ks ranges from 0.07 to 1.15 (fig. 4 ). This pattern of flanking sequence conservation suggests similar functional constraints on the regulatory regions of each of the 3 L. hesperus loci. However, it is still possible that widow spider MaSp1 loci could be expressed at different developmental stages. In N. clavipes, some evidence suggests a developmental change in investment in various components of the spider's web, specifically between juveniles and adults in the construction of prey capture versus protective barrier webs (Higgins 1992) . The possession of multiple MaSp1 loci could be associated with variation in the dragline silk used to build these different structures. Differential expression of MaSp1 loci could also explain the reported changes in aa composition of some spider's dragline silk in response to diet (Craig et al. 2000; Tso et al. 2005) . However, this latter hypothesis seems unlikely for L. hesperus, given the substantial similarity in predicted aa composition of the 3 functional loci ( fig. 2 ).
Conclusions
We provide compelling evidence that multiple genes encode one of the spider fibroins. Our data suggest that at least 3 functional copies of MaSp1 exist in widow spider (Latrodectus) genomes. Concerted evolution has maintained homogeneity of the coding sequences of these loci. Continual gene duplication and loss may also occur. We additionally find evidence for recombination between the nonrepetitive terminal coding regions of Latrodectus MaSp1 and MaSp2. Based on the phylogenetic distribution of MaSp2 versus MaSp1 and potential convergence of one MaSp1 locus on MaSp2, we propose that MaSp2 derived from a MaSp1 duplicate in the common ancestor of orbweaving spiders and their relatives (Orbiculariae). Expression divergence could have occurred among MaSp1 loci, and future work on their expression patterns should help elucidate the early evolution and functional diversification of the spider silk gene family.
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